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Future Circular Collider Study

CDR for European Strategy Update 2019/20

international FCC
collaboration (CERN as
host lab) to design:

« pp-collider (FCC-hh)
-> main emphasis, defining
infrastructure requirements

~16 T= 100 TeV pp in 100 km

« 80-100 km tunnel
infrastructure in Geneva area,
site specific

« e'*e collider (FCC-ee),
as a possible first step

Schematic of an
80 - 100 km

suggested
« p-e (FCC-he) option, one IP, S
FCC-hh & ERL

 HE-LHC w FCC-hh technology

F. Zimmermann HE-LHC review Dec 2017
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High Energy Colliders: Present/Future

PARAMETERS

Center of Mass Energy
[TeV]

Dipole Fields [T]
Circumference [Km]
Beam-Beam Interactions
Lattice Elements
Beam Current [A]
Bunch Intensity [10'1]
Bunch spacing [ns]
RMS bunch length [cm]
Luminosity [103*cm2s1 ]
Events/bunch crossing
Stored Energy [GJ]

p* [m]

Transverse beam size [um]

14 27
8.33 16
27 27
120 LR + 4 HO 60(300)LR + 2 HO
23000 30000
0.58 - 1.12 1.12
1.15-2.2 2.2 (0.44)
25 25 (5)
7.55 — 8.1 7.55
1-5 25
27 - 135 800 (160)
0.36 — 0.7 1.3
0.55— 0.2 0.25
3.75-2.5 2.5 (0.5)

100
16
100
352 LR + 4 HO (1764)
100000
0.5
1 1(0.2)
25 25 (5)
7.55
5 30
170 1k (200)
8.4
1.1-0.3
2.2 (0.4)
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High Energy Colliders: Present/Future

PARAMETERS
Center of Mass Energy 14 27
[TeV]
Dipole Fields [T] 8.33 16
Circumference [Km] 27 27
Beam-Beam Interactions 120 LR + 4 HO 60(300)LR + 2 HO
Lattice Elements 23000 30000
Beam Current [A] 0.58-1.12 1.12
Bunch Intensity [101] 1.15-2.2 2.2 (0.44)
Bunch spacing [ns] 25 25 (5)
RMS bunch length [cm] 7.55-8.1 7.55
Luminosity [1034 cm2s ] 1-5 25
Events/bunch crossing 27 -135 800 (160)
Stored Energy [GJ] 0.36 - 0.7 1.3
p* [m] 0.55-0.2 0.25
Transverse beam size [um] 3.75-2.5 2.5 (0.5)
Total §, 0.017 -0.02 0.017 -0.02

100
16
100
352 LR + 4 HO (1764)
100000
0.5
1 1(0.2)
25 25 (5)
7.55
5 30
170 1k (200)
8.4
1.1-0.3
2.2 (0.4)

0.01/0.02-0.03/0.05 .
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FCC-hh Interaction Points

mmm |_DS
mmm L_sep

mmm | arc

Exp
Inj. + Exp Inj + Exp.

14km

J I I B-coll  «— 28km — extractlon

4 experiments:

e 2 high luminosity IPA and G
(5-30 x LHC,.,.,)

 2low luminosity IPL and B
(tbd with negligible impact on
performances of IPA and G)




FCC-hh Baseline and ultimate

FCC-hh FCC-hh Ultimate
A Baseline
msm | DS

m— L_sep Luminosity L [1034cm2s1] 5 20-30
mmm | arc
Exp Background events/bx 170 (34) <1020 (204)
Inj. + Exp Inj + Exp.
Bunch distance At [ns] 25 (5)
1 4 km Bunch charge N [10%1] 1(0.2)
Fract. of ring filled ng, [%] 80
J I I p-coll «— 28km — extractlon Norm. emitt. [mm] 2.2(0.44)
Max & for 2 IPs 0.01 0.03
4 km (0.02)
IP beta-function B [m] 1.1 0.3
E o CO” IP beam size 0 [mm] 6.8 (3) 3.5(1.6)
ﬁ.\ ’
RMS bunch length o, [cm] 8
H G F
Crossing angle [s'] 12 Crab. Cav.
Turn-around time [h] 5 4

All cases with 25 ns bunch spacing
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FCC-hh Baseline and ultimate

m— LDS Beam-Beam Interactions:
mmm L_sep . .
E — L arc 2 Head-on collisions IPA and G
xp : .
Inj. + Exp |nj + Exp. * Leveled with separation IPLand B
* 352 Long Range encounters
1 4 km
Long Range separations at main IPs
J I I B-coll  «— 28km — extractlon 30
L*=45m —
L ; L*=40m -
1.4 km 28
/ l\ 26 -
RF Exp o-coll 24 | T
XP. 1
E\-_”'— _ 22 ﬁ XY .
e}
H G F § 20 + i
n
18 | -
++++++++ S

16 | -
14 | -
12 t - -

10 1 1 1 1 1 1 1 1 1

-2560 -200 -150 -100 -50 0 50 100 150 200 250

Smoe (L
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] g:g él ,l-leng% [cm] emﬁ.rﬂzm] =)
(e — t'\D o (S} oo 00 - W) o

Lumi.
[cm s’

4l —

x 102

x10% Y

x 102 -

,,/43 :

=1 4 5 7
Time [h]

. < 0.03

Parameter evolution

| Due to strong radiation damping we have quite

some different regimes from beam-beam point of
view:

1 LHC/HL-LHC beam-beam dynamics HO + LR
effects &, =0.06->0.01
LHC experience and long-range effects

2 Head-on driven dynamics with beam-beam
parameter ., =0.01-> 0.03 plus 2 low

luminosity IPs
LHC experience, Machine Developments
studies and simulations

- 3 Mixed status, radiation damping and possible

operational scenarios
Need new developments in models and
studies
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Parameter evolution

Due to strong radiation damping we have quite
some different regimes from beam-beam point of
view:

1 LHC/HL-LHC beam-beam dynamics HO + LR
effects &, =0.06->0.01

4r- | LHC experience and long-range effects
—1 8)(102 o o .
28 2 Head-on driven dynamics with beam-beam
2=0.5 | parameter §,, = 0.01-> 0.03 plus 2 low
o= — o .
5%00 B luminosity IPs
_' x10% : LHC experience, Machine Developments
cwlf T studies and simulations
S, —— . - . .
0 702 Y 3 Mixed status, radiation damping and possible
1.0 T operational scenarios
& . S .
05— 3 5 Need new developments in models and
0 ; studies
-1 4 5 7
Time [h]
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Dynamic aperture studies

FCC New Lattlce 2 IPs and H-V alternating crossmg Dynamic Aperture Criterion

> L*=45 m | C2 | I= 10" ppb should be larger or equal than
81 the mechanical aperture defined
75§ e s by the collimation system (TCPs):
) 7 + Collimators for |-|.'|C 6.-0 O .
T 65 | No diffusive mechanism should
e increase the losses on the
< 61 collimation system
Q 55¢ :
5 | | For FCC-hh case TCPs at 7.2 0
45 | M. Fiascari et al. @IPAC2016
4 1 1 1 1 1 1 1
70 75 80 85 90 95 100 105 110 DA > 72 O

0/2[urad]

* Crossing angle 180 urad needed only from beam-beam no non-linearities
* Intensity fluctuations - requires roughly 5-10 urad for 10-20% fluctuations
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Variable Crossing Schemes: HV, HH and VV

1 O T T T T 0.33
9 HV — | 0.325
HH
8 - 0.32
VV e " 0.315
(@] . I
5/ 1 o]
o 6 B : . Vip1-Hips —-
o . 0.305 | Hip1-Hips
— : o Vip1-Vips
c 5 i : 7 03 45%p1-45%ps <,
é 4 . 0.285 0.29 0.295 0.3 0305 031 0315 0.32
< I | Qx
0O i . . .
3 Alternative crossing
2 : i schemes are explored to
1 : . overcome energy
0 deposition constrains 2>

100 120 140 160 180 200 changeable angles to dilute
B[urad] the particles losses in the

IR. (I. Besana and F. Ceruti)

 HH Crossing is equivalent to HV in terms of DA for nominal bunches

* VV not acceptable at the (0.31-0.32) working point due to strong impact of 3"
order resonance - Mirrored tune will solve the problem

* Tilted angle scheme still to be analyzed
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DAmin, 108L0]

DApin, 10¢l0]

DApin, 10¢l0]

T T T T T T hv -
14

‘| BB — | PACMAN Bunches

ol | 0.33 ———
0.325 +
0.32 1
g 0315t
O1oo 1;0 fzo 150 1;,0 1%0 1230 1;0 180
Blurad] 0.31 ¢
14 r | | | | 'HHPAC'MAW-: — ] V|P1-HIP5 e
HH PACMAN | —=— 0.305 H|P1'H|P5
12 1 Vip1-Vips -
(o] o
O 3 45 IP1-45 |IP5 ﬂi 1 1 1

0.285 0.29 0.295 0.3 0.305 0.31 0.315 0.32
C)X

* For all crossing schemes the major impact of long-
range effects are on the nominal bunches

100 110 120 130 140 150 160 170 180 ™Y

. PACMAN bunches always show a better dynamic
— aperture, DA is defined by nominal bunches
ol WRGIN — |« Orbit effects still to be addressed for conclude on
A PACMAN
. | e Should allow for flexible tuning

| Alternative crossing schemes are possible to support
0 : ~ ] energy deposition constrains (I. Besana and Cerruti)

100 110 120 130 140 150 160 170 180

O[urad]
ECOLE POLY TECHNIQUE
FEDERALE DE LAUSANNE




Low Luminosity Experiments to be added

Request for integrating low luminosity experiments IPB and IPL

L The long-range effects of

IPL and B will impact
bunches differently (no
passive compensation)

I:)Amin,1 oblo]

Have to be designed in the
‘ ‘ | | | ; : shadow of the main high
i / ,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,, ,,,,, ,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,, luminosity experiments

LRs IPB
; ; 1 LhsiPL =
50 60 70 80 90 100
672, yiymilurad]

* Long-range: to keep effects weak = leave margins for larger angles
* Head-on: clear limit from the energy deposition studies

From beam-beam studies = apply separation leveling - for physics programs they
will have limit on integrated luminosity per year of run! .(Pﬂ.
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Can we move from dynamic aperture to losses?

.l | LHC DATA | Using the method proposed by M.Giovannozzi
46 1 (Phys Rev Spec Top-AB, 15(2):024001, 2012) we
- ' | extrapolate the DA to longer time scales =
- dy | simulate beam lifetimes
A 3.8 ,
3.6 ]
4] M D(N) = /2logAI
3.2 ]
3 ‘ ‘ ‘ ‘
0 1 2 3 4 5 6
N %108
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Can we translate losses in dynamic aperture?

4.‘2 e Ry - Using the method proposed by M.Giovannozzi
4.6 I (Phys Rev Spec Top-AB, 15(2):024001, 2012)
44 | We applied to beam-beam experiments (lifetime
— 4.2 er 1M turns | ) .
Dl R | evolution as a function of beam-beam parameters)
a8 | M. Crouch Manchester PHD Thesis 2017
3.6 i 4.4 : ; ; ; ; ; ;
347 ] 4.0 +Head.—on i
3.2r 1 4l —e—Nominal| |
3 | ‘ ‘ ‘ 3.8 f
0 1 2 3 4 5 6 I e -
N x10° ?22
aﬂ 3.2¢
3l
287
06 Measured DA |
2.4+ Vs Crossing angle -
2.2 :

180 200 220 240 260 280 300 320
Crossing Angle [ p rad ]
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Can we translate losses in dynamic aperture?

4_‘2 e Ry - Using the method proposed by M.Giovannozzi
4.6 I (Phys Rev Spec Top-AB, 15(2):024001, 2012)
44 | We applied to beam-beam experiments (lifetime
— 4.2 after 1M turns | ) ]
Dl R | evolution as a function of beam-beam parameters)
a8 | M. Crouch Manchester PHD Thesis 2017
3.6 . 4.4 ‘ ‘ ‘ ‘ ‘ ‘ ‘
3.4+ ] 4.0 +Head.—on i
30| | 4l —e— Nominal |
3 | ‘ ‘ ‘ 3.8 f
0 1 2 3 4 5 6 I e -
N x10° ?22 |
, Long-range dependency <32
. ——a =310 prad| | L
4.2+ 22 ]
aal . Measured DA |
36 2.4+ Vs Crossing angle -
— 3.4 w ‘ \ | . . !
§3_2, 2?80 200 220 240 260 280 300 320
3!l Crossing Angle [ p rad ]
2.8
2.6
2.4+
2.2 ¢
%20 3é5 3530 Sé5 340 34;5 350 355 360 365 370

Bunchslot

(L
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Can we translate losses in dynamic aperture?

4_‘2 e T - Using the method proposed by M.Giovannozzi
4.6 I (Phys Rev Spec Top-AB, 15(2):024001, 2012)
4.4 | We applied to beam-beam experiments (lifetime
— 4.2 after 1M turns | ) .
Dl R | evolution as a function of beam-beam parameters)
a8 | M. Crouch Manchester PHD Thesis 2017
3.6 ] 4.4 ‘ ‘ ‘ ‘ ‘ ‘ ‘
3.4+ ] 4.0 +Head.—on i
30| | 4l —e— Nominal |
3 ‘ ‘ ‘ ‘ 3.8
0 1 2 3 4 5 6 I e -
N x10° ?22 |
, Long-range dependency <32
. ——a =310 prad] | L
4.2+ 22 ]
aal o6l Measured DA
36| 2.4+ Vs Crossing angle -
w340 22 e T
32" 180 200 220 240 260 280 300 320
3!l Crossing Angle [ p rad ]
ool Use the Dynamic Aperture simulation to
24| predict the losses expected per scenario...
2.2 ¢
52320 3é5 3530 Sé5 340 34;5 350 355 SéO 365 370

Bunchslot
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How far are models from reality?

8 [ ‘
WD
| /D + 10— q
D+ |C—|+¢€ Collimator Aperture
— e ———————————————————————————————————————————————————
—o— Dnorm,. [
6 7
S :
— 5 ] Average Dynamic Aperture
Q|
4
3
2 i Minimum Dynamic Aperture M. Crouch Manchester PHD Thesis 2017

180 200 220 240 260 280 300 320 340 360 380
Crossing Angle | p rad |

Include in luminosity models losses expected from Dynamic Aperture, to have
estimates on impact to collimation system

ECOLE POLY TECHNIQUE
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Orbit Effects

The long-range BB force has an amplitude independent contribution:
ORBIT KICK

-

5 s
A / ConSt [1 Z + O ( x ) + ] T~ e
r = = —= AP S '
d d2 l
PO T —
Horizontal separation at IP5 (Xing plane) ’
i - Simulation IP1 and IP5 incl.
E 0.41 \,J\_._./ . . - Simulation IP1, IP5 and IP8 incl.
yo 0.2 + Emittance Scan dataFromOPScan4440
20
00 \.&M \.ﬁaj \J‘d W \.Mt.[ \JJ
18 2000 2200 2400 2600 2800 3000 3200
Vertical separation at IP5 (Separation plane)
2 0.2 . -
W A W\ UW
0.0- \\.J \,J v
1800 2000 2200 2400 2600 2800

3000 3200
bunch position [1]

A. Gorzawski et al. @IPAC2017 THPAB042

For FCC should be not limited, but effects are evolving since beam sizes are changing
Need to keep small effects: TRAIN code adapted to FCC collision schemes

ECOLE POLY TECHNIQUE
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Head-on Limit: Losses and Emittance growth

Head-on beam-beam can result in losses and
emittance growth.

FCC pushes to a total beam-beam tune shift of roughtly
0.03 and two experiments to add.

From LHC experience head-on colliding bunches losses
cannot be explained by only Dynamic aperture losses
when in a weal long-range regime...

. ~

14
13 EMD :
 |ID +|C - | Data to model expectation
12 BlD+|C—|+e¢
11 ' ° Dlllil'lll,
10 |
9 ‘ Average Dynamic Aperture
8 |
7 = Collimator Aperture
R |
5|
o i
4 ¢ H D ¢ ‘ . it __¢ Minimum Dynamic Aperture |
3 ‘ ] | | | | | |
180 200 220 240 260 280 300 320 340 360 380

Crossing Angle [ p rad |

4.4 w w w w w w w
40! —e— Head-on | |
'4 ] —e— Nominal |

3.8/ W

36"
©34)
=32
3l
28"
26"
2.4+

2.2 R
180 200 220 240 260 280 300 320

Crossing Angle | p rad |

2015/2016 Experiments:

@IPAC2017 TUPVA026, TUPVAO029

(L

ECOLE POLY TECHNIQUE
FEDERALE DE LAUSANNE




Head-on Limit: Losses and Emittance growth

Model developed for FCC-hh of loss rates with 6D
beam-beam (weak-strong a la Lifetrac) and simplified
lattice!

First comparisons to LHC losses data during dedicated
experiment

* BB parameter of 0.02 (FCC Ultimate is 0.03)
 GPU accelerated 6D simulations compared to

measured losses in the LHC.
e Clear impact of Piwinski angle to loss mechanism

* Good qualitative agreements

* Work on going on quantitative estimates (magnets
errors, noise impact due to crab cavities and other
devises i.e. e-lenses)

@IPAC2017 TUPVAO26, TUPVA029

0.330/ DATA . o0

o 3 o 0.09

0.08
0.325} - a8 =
0.07<
—
0.320 0.06;'

=

S / 0.05 &
0.315 0.04 ;
0.03 §
0.310 0.02—

® 0.01

0.305 \o 0.00

0.300 0.305 0.310 0.315 0.320
— — Q’V ' 0.040
Simulations Hekk 0.036
* .

0325/ S.V. Ruruseth (a—
2 2.2.2.2 9 ’ —
g 0.028 £
0.320) x 0.024 =%
~ °* 0.020 &
3 (o] 8 ©
0.315/ V o o
.Oo 0.016 3
0.012 ©
o -

S .o' Simulati 0.008

K iImulations e

0.305: e 0.000

Q.

0.300 0.305 0.310 0.315 0.320

i)
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Head-on Beam-beam [3-beating is important

Head-on interaction at two IPs will result in a very important beating of roughly 30%

40 cm | HV
-+ f E— ' 000
L R A -
A 0 |
A
<] a
0 I- _msﬂ _El
-0.3
0 IO 20 30 40 50 60 70 80 90 100
Longitudinal location [km] @IPAC2017
WEOAB2, TUPVA030
Talk after

FCC-hh: § = up to 0.03 + 2 low lumi experiments = 0.05

Study Impact on collimation system, is it important?

Study Impact performances = luminosity enhancement (like in lepton colliders)
> Reduce effect 2 low luminosity IP separated

> Propose a correction scheme and explore compensation techniques. Al

FEDERALE DE LAUSANNE



Coherent Instabilities

Coherent Instabilities not yet fully understood have been identified and impact the
performances of the LHC from 2012 till today

E. Metral et al.
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 63, NO. 2, APRIL 2016

Several studies have been performed to model such effects and understand why they occur and
which effects are behind thes e observations which can limit the beam brightness specially for a
FCC - baseline operation at 5 units chromaticity and use of Landau octupoles or electron

lenses (V. Shiltzev and Co.) to stabilize head-tails modes and BB and impedance mode coupling.

0.32

8 , , . , , cMM — e
0.315 = -7
7,
o
o 031 8
c 6 X
=
(O]
9 5t o 0305 F 9
Il
€ 4l
w4 0.3 -10
-
(@]
3_
= 0.295 -11
2_
50 0 50 100 150 200 250 02 i
Time [min since 2015-09-14 06:50:40.456] 0 0.002 0.004 0.006 ().(F)()S 0.01 0.012 0.014 0.016
S. White et al., Phys. Rev. Spec. Top. Accel. Beams 17, 041002 (2014).
This represents a major concern .(Pﬂ.

ECOLE POLY TECHNIQUE
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More studies in C. Tambasco and X. Buffat talk



DA inlo] 10° turns

2

Global compensation with octupole magnets

0.325

0.315

' 031

0.305

0.3

0.295

0.315

' 031

0.305

8/2=295urad =
0/2=275urad == ; : :
0/2=250urad = I

0.295

-1600 -1400-1200-1000 -800 -600 -400 -200 O 200 400 600

loct [Al

0.32 -

3
S

F

0.325

0.32 -

0.285 0.29 0.295 0.3 0.305 0.31 0.315

loi=-1000 A

I

&S

0.3 S

0.285 0.29 0.295 0.3 0.305 0.31 0.315

OX

loot=550 A
0.325

0.32 - 2

0.315

)

o 031
=

0.305
S

0.3

0.295
0.285 0.29 0.295 0.3 0.305 0.31 0.315
QX

logi=+500 A
0.325

0.32 - 4

0.315

g 031

QW

0.305

S
)
03 S

A

0.295
0.285 0.29 0.295 0.3 0.305 0.31 0.315
QX

J. Shi et al. (2002)
HL-LHC study case
CERN-ACC-NOTE-2017-0035

Octupole magnets are used/needed to provide tune spread for Landau damping.
They have very negative effect on DA if not used with care.
If installed at right location they could help compensating long-range effects!

FCC lattice and beam-beam effects should be designed together to have this possibility

of a global compensation (as studied for the LHC by Shi)

(L
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Global compensation with octupole magnets

8.5 T T , l -
’ Errors Triplet + HO + LRs
Errors Triplet + Arc + HO + LRs -
8 AN HO + LRs —=—
75 F . ——R ' _ 1 seed 1
7+ A x | .
L O\ Eurocircle Meeting Oct2017
E 65 F i
< —\—.
D -~
6 . ) .
5.5 | T~ % A
5 | -~ )
45 1 L 1 1 1
-3000 -2000 -1000 0 1000 2000 3000
Ioct[A]

Octupole could have positive effect on dynamic aperture = will invest at early stage to
define lattice properties such that we could use this compensation scheme!

Errors seem to break the effectiveness of such compensation for FCC L*-45 m lattice
Close collaboration with Lattice team (B. Dalena and A. Chance) is fundamental!

(L
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Awpa-gy

. 8 0.5
. 75 0.4
. 0.3
7
. 0.2
6.5
. = E 0.1
6 q':é £ o0
3
- ) -
. 55 < -0.1
-0. -0.2
5
0. 0.3
o, 45 04
-0. 4 -0.5

Global compensation with octupole magnets

Phase advance studies to tune the optics to the collisions and define the robustness of such
scheme

loe=-1500 A loei= 0 A loe=+1500 A

8 0.5 8
7.5 0.4 75
0.3
7 7
0.2
6.5 6.5
E g 0.1
6 E £ 00 6
< -
55 < -01 5.5
0.2
5 5
0.3
45 o4 45
4 05 4

-0.5-0.4-0.3-0.2-0.1 0 0.1 0.20.30.40.5 -0.5-0.4-0.3-0.2-0.1 0 0.1 0.20.30.40.5 -0.5-0.4-0.3-0.2-0.1 0 0.1 0.20.30.40.5
Awpa-g x Awpa-g x Awpa-gx

A lot to be studied to have a robust and well understood evolving scenario,
but simulations are faster and technology helps in addressing more details of the dynamic

(L

ECOLE POLY TECHNIQUE
FEDERALE DE LAUSANNE

DA inlo]



HE-LHC case

IPB xing) Preliminary assumptions

=g - 2 Interaction Points

- 25 ns bunch spacing (12.5 ns alternative)

- Fractional tune same as LHC (0.31,0.32)

- Alternating crossing to reduce Pacman (H crossing
angle in IPA and V crossing angle in IPB)

- B* 25 cm (most difficult scenario with maximum peak

fosﬁga lumi with possibility to relax to 40cm with small loss in
o performance)
IPA (V xing) - 72 LR total before D1
- Crab Cavities to compensate geometric reduction of
60-70%

First studies performed on Footprints and lattice checks (set-up of tools+optics
available) + using all available studies from LHC and HL-LHC (similar BB effects)
Room for further optimization of LR separation with optics colleaugues = could
only make things better
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Beam-Beam Long Range separations
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Dynamic Aperture simulations for HL-LHC
(B* levening)

10+

6F

1550 e

o—e SixTrack, 590urad: Crab

o o SixTrack, 590urad: Crab + Errors

B8 Lifetrac, 590urad: Crab + IP8 (610urad)
B @ Lifetrac, 590urad: Crab + IPS (85urad)
*—  SixTrack, 450purad: Crab
''''''''''''''' %= -« SixTrack, 450prad: Crab + Errors

B—a Lifetrac, 450prad: Crab + IPS (610urad)

0.1 02 03 04 05 06 07
3" (m)

LR separation dsep> 8.5 0 = x-angle/2 > 165 prad (12.5 o)
- HL-LHC equivalent fully squeezed - Scaling from HL-LHC ->Not
enough from DA (below target) and still no margins

LR separation larger than 8 o - x-angle/2 > 180 urad (13.5 o) =2

DA around 7 o
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Head-on and long range interactions

0325/{/ ] A\ I
—  HL-LHC
. HE-LHC
0.320¢] |
X-angle/2 > 210 urad at ! LHC 2012
limit of aperture
0.315; £ ”
Larger x-angle needed to =
have reduced LR . i
L e 31
contributions & 03101 /
Tool are in place ! 0.305_> Z ,
o < AN S, &
0.295 '
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Head-on and long range interactions

oy 0.310[¢

0.325 ——

0.315

X-angle/2 > 210 urad at the limit of
the aperture

—> Option is to increase f* - little
loss in performances (see Frank
talk)
B* = 40 cm - 15.8 o separations for
x-angle/ = 165 urad

.305}

.300
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i 7 I ]
R AN LHC (185 prad)
A e

S
7z
1‘4 | Nel¥
Z
0.290 0.295 0.300 0.305 0.310
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0.315

f* 25 cm - x-angle/2=180-210 urad > 8.7-10 MV cavities
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FCC-hh Summary |

For the Ultimate round optics case we have a good scenario based
on dynamic aperture simulations :

— Beam-beam separations have been defined keeping margins for
all needed non-linearities (magnets errors), experiments (2 low
lumi IPs introduced) and to allow for alternative scenarios (i.e.
rotating collision plane)

— Benchmark to the LHC data show the limits of models and the
possibility to use DA to estimate losses in luminosity model

II""‘!
Ca>
Extremely Demanding computationally factor 3-10 LHC@home
in computing steps (lattice, BB elements...) SixTrack

. LXBATCH - 41-12.5 days

. LHC@HOME > 3.15 days Need to upgrade to larger scale

\ =~ studies respect to LHC and HL-LHC
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FCC-hh Summary |

Orbit effects do not represent a limit but should be studied in details over
the different scenarios = code extended and benchmarked to LHC data
ready for the CDR in April.

First models for predicting losses and emittance evolution are in place for
FCC extrapolations

Coherent instabilities and Landau damping are an important concern (C.
Tambasco and X. Buffat talks)

Beta-beating due to large beam-beam parameter could exceed the
tolerances on beating defined by protection system and deteriorate the
performances if not studied in details

— Need for correction: correction scheme of linear part testied on LHC or e-lenses!

Compensation techniques

— Global compensation using multiple magnets (i.e. octupoles) will be explored and
lattice designed accordingly.

— The study of an electron lens to compensate for the large head-on beam-beam
effect will also be covered for the CDR

Alternative scenarios are also studied to explore different options (flat
optics, rotatable crossing planes) e




HE-LHC Summary

The HE-LHC can profit of the several studies on going for FCC-hh

Preliminary studies of beam-beam effects show no limitations and

a set of parameters compatible with other constrains have been
defined :

— Beam-beam separations have been defined scaling from LHC
experience and from HL-LHC simulations studies

— Alternatives are possible and simulation studies have started to

open the possibilities and look for the most performing
scenarios...
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Future of the future.... ©

For FCC-hh robust baseline scenarios have been proposed and a big
campaign of simulation studies has started to push for more challenging
scenarios from the beam-beam point of view. FCC-hh Ultimate is not given
but doesn’t look out of reach if well defined with the help of the
appropriate compensation schemes (i.e. e-lenses)

HE-LHC studies just started, need more detailed evaluations

First draft of the Executive Conceptual Design Report submitted to review
process

Deadline for the first draft of the CDR is FCC week in April ! To be
presented at the next update of the European Strategy for Particle
Physics....
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Thank youl!
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